Abstract. Cholelithiasis is a common medical condition whose incidence rate is increasing yearly, while its pathogenesis has yet to be elucidated. The present study assessed the expression of Rho-kinase (ROCK) in gallbladder smooth muscles and its effect on the contractile function of gallbladder smooth muscles during gallstone formation. Thirty male guinea pigs were randomly divided into three groups: The control group, the gallstone model group and the fasudil interference group. The fasting volume (FV) and bile capacity of the gallbladder (FB) as well as the total cholesterol (TC) and triglyceride (TG) contents of the gallbladder bile were determined. In addition, the gallbladder was dissected to identify whether any gallstones had formed. Part of the gallbladder tissue specimens were used for immunohistochemical analysis of ROCK expression in gallbladder smooth muscles. The results showed that four guinea pigs in the model group and eight in the fasudil group displayed gallstone formation, while there was no gallstone formation in the control group. The FV and FB were significantly increased in the model and fasudil groups. Similarly, the TC and TG contents of gallbladder bile were increased in these groups. The positive expression rate of ROCK in gallbladder smooth muscles in the model and fasudil groups was significantly reduced compared with that in the control group (P<0.05). The results of the present study indicated that the reduction of ROCK expression in guinea pig gallbladder smooth muscles weakened gallbladder contraction and thereby promoted gallstone formation.
Introduction
During the past decade, a large number of studies have shown that Rho-kinase (ROCK) is one of the major kinases involved in cell movement. It participates in the RhoA-ROCK signaling pathway and regulates smooth muscle cell contraction by regulating the Ca 2+ sensitization mechanism (1-4). The levels of myosin light chain (MLC) phosphorylation, which is dually regulated by Ca 2+ /calmodulin (CaM)-dependent myosin light chain kinase (MLCK) and Ca 2+ -independent myosin light chain phosphatase (MLCP), is an important factor affecting the extent of smooth muscle contraction (5) . The regulation of MLC phosphorylation by MLCK causes smooth muscle contraction, whereas the inhibition of MLCP can enhance the extent of MLC phosphorylation and smooth muscle contraction and increase Ca 2+ sensitivity, a phenomenon known as Ca 2+ sensitization (6, 7) . In the RhoA-ROCK signaling pathway, several agonists activate RhoA through a series of mechanisms, leading to ROCK activation and the regulation of Ca 2+ sensitization, which enhance gallbladder smooth muscle contraction (8, 9) . Studies have shown that ROCK inhibitors, including Y-27632 and fasudil, can inhibit smooth muscle contraction (10, 11) , which prompted us to study the mechanisms by which they affect the RhoA-ROCK pathway and Ca 2+ sensitization. In the present study, changes in ROCK expression in gallbladder smooth muscle cells were assessed and the role of ROCK protein in the regulation of gallbladder contractility during the lithogenic process was investigated using a guinea pig model of gallstone formation. The findings of the present study provided experimental evidence on animals, which contributes to the elucidation of the etiology of gallstone formation and may aid in its prevention.
Materials and methods
Experimental animals. 30 Male guinea pigs weighing 250-300 g were obtained from the Experimental Animal Center of Renmin Hospital of Wuhan University (Wuhan, China). The animals were randomly divided into the control group, the gallstone model group and the fasudil interference group.
Animal models. Gallstone development was induced in the guinea pigs in accordance with previously described methods (12) . The control group was fed a normal diet, whereas the model group and fasudil group were fed a 2% cholesterol-enriched diet for 60 days. From the 20th day onward, the fasudil group were treated with the known ROCK inhibitor, fasudil (5 mg/kg; Chase Sun Pharmaceutical Co., Ltd., Tianjin, China)
,by intraperitoneal injection (0.2 ml fasudil per 100 g body weight diluted in normal saline) twice a day. Animals in the control group and model group were injected intraperitoneally with the same volume of sterile saline twice daily.
Specimen collection
Fasting gallbladder volume (FV) and fasting gallbladder bile volume (FB) . Five guinea pigs from each group were randomly selected on days 30 and 60, respectively. After a 12-h fast, the guinea-pigs were anesthetized by intraperitoneal injection of 6% chloral hydrate (350 mg/kg; Hubei Hechang Chemical Co., Ltd., Wuhan, China). The longest length and two perpendicular diameters [width (W), height (H)] of the gallbladder were measured under natural conditions. The cystic duct was blocked with a vascular clamp and the volume of bile drawn from the gallbladder was recorded (FB). The gallbladder bile was stored for determination of total cholesterol (TC) and triglyceride (TG) contents.
Collection of gallbladder wall tissue. After removing the gallbladder, the gallbladder lumen was cut longitudinally to determine whether it contained biliary sludge or gallstones. The gallbladder was washed using cold saline, and the residual tissue in the gallbladder wall was stripped off. A number of gallbladder tissue samples were clipped from the gallbladder body, rinsed three times with phosphate-buffered saline (Wuhan Boster Biological Engineering Co., Ltd., Wuhan, China), fixed with 10% formaldehyde solution (Hubei Ju Sheng Technology Co., Ltd., Hubei, China), dehydrated and embedded in paraffin (Wuhan Boster Biological Engineering Co., Ltd.) for immunohistochemical analysis. Further tissue samples were snap-frozen in liquid nitrogen and stored at -80˚C.
Detection of methods
FV and FB. The longest length and two perpendicular diameters (W, H) of the guinea-pig gallbladder were measured under natural conditions. These results were used to calculate FV using Dodd's ellipsoid formula, V=0.52xLxWxH (ml). A vascular clamp was used to block the cystic duct, and the total volume of the bile drawn from the gallbladders was recorded (FB; ml).
TC and TG. TC and TG contents were determined using a TC and TG kit (Sigma-Aldrich, St. Louis, MO, USA) on an Bayer Advia 2400 automatic biochemical analyzer; Siement, Germany) using the oxidase and enzyme colorimetric methods, respectively (performed by the Department of Laboratory, Renmin Hospital of Wuhan University, Wuhan, China).
ROCK expression. ROCK expression in the gallbladder smooth muscle tissues was detected using immunohistochemical methods. Immunohistochemistry was conducted according to the manufacturer's instructions of the SP-9000 kit (Boster Biological Technology Co, Ltd., Wuhan, China). The evaluation standard was as follows: All cells were counted in 10 randomly selected high-power fields and semi-quantitative results were evaluated on the basis of the degree of staining and the percentage of stained cells. The paraffin sections were de-waxed using xylene (Shanghai Senfi Chemical Co., Ltd., Shanghai, China) for antigen retrieval by heat-induced retrieval using citrate buffer (Shanghai Gunsuo Biological Technology Co., Ltd., Shanghai, China) and following elimination of the endogenous peroxidase activity, the sections were blocked with goat serum. Next, the unlabeled rabbit anti-mouse polyclonal antibody (cat. no. BA1701-1; Wuhan Boster Biological Engineering Co., Ltd.) primary antibody was added and incubated for 1-2 h. The biotin-labeled goat anti-rabbit polyclonal secondary antibody (cat. no. BA1003; Wuhan Boster Biological Engineering Co., Ltd.) was then added and incubated at 37˚C for 15 min, followed by horseradish peroxidase-labeled streptavidin for 15 min. The diaminobenzidine chromogenic kit was used to stain the tissue sections, which was followed by re-staining with hematoxylin. The sections were observed under a light microscope (Olympus CX31-LV320; Olympus Co., Ltd., Beijing, China), with the positive cells displaying brown-yellow staining. The degree of cell staining was scored as follows: 0, no or negligible staining; 1, pale yellow staining; 2, brown-yellow staining; 3, brown staining.
All immunohistochemical tissue sections were analyzed by a computer image analysis program under identical conditions, and the average optical density in the image was regarded as the positive rate of ROCK expression (13) .
Statistical analysis. Data were analyzed by SPSS 16.0 statistical and processing software (SPSS, Inc, Chicago, IL, USA). Values are expressed as the mean ± standard error and were analyzed by one-way analysis of variance, whereas the counts are expressed as percentages and were analyzed using the χ 2 test. P<0.05 was considered to indicate a statistically significant difference.
Results
Changes of the FV and FB and gallstone formation. In the model group, biliary sludge and gallstone formation was observed in one guinea pig on day 30 and in three animals on day 60, while the two and six counterparts in the fasudil group were affected, respectively.
The FV in the fasudil group was larger than that in the model group at the same time-point. There was a significant difference in the FV and FB between the model group and the fasudil group, and differences between the three groups were also significant (P<0.05) ( Figs. 1 and 2 ; Table I ). Table II ).
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ROCK expression in gallbladder smooth muscles. The presence of yellow granules indicated positive expression of ROCK in gallbladder smooth muscle cells, and the optical density value, which was obtained using computer image analysis software (Image-Pro Plus 5.0; Media Cybernetics, Inc., Rockville, MD, USA), was used to quantify the expression rate of ROCK. It was observed that the positive expression rate of ROCK in the model group and the fasudil group was significantly lower than that in the control group (P<0.05) (Figs. 5 and 6; Table III) .
Discussion
Cholelithiasis is a common medical condition worldwide, whose mechanism has not been completely elucidated to date. Its incidence rate is 10-20% in western countries (2) . The incidence of gallstones is increasing along with the improvement of the standard of living conditions and due to rare use of ultrasound and other forms of medical examination, it increased from 2-7% (3) to 8-10% (4) today. >80% of cholelithiasis cases are gallstone-associated conditions (14) . Researchers have attached great importance to the pathological significance of gallbladder in cholesterol-associated gallstone formation in the previous studies (15) (16) (17) . Studies suggested that gallstone formation was not totally dependent on the physical and chemical changes of bile. The gallbladder, and particularly its dysfunctions regarding its contraction, have a key role in cholesterol-associated gallstone formation (18) . In 1983, Doty found that the emptying function of the gallbladder decreased significantly during the formation of cholesterol monohydrate crystals (CMCs) (19) . Further evidence provided by flash radiography and ultrasound analysis indicated that the emptying and refilling of the gallbladder with bile and bile metabolism were clearly inhibited in patients with cholecystolithiasis (20) .
The present study investigated changes in the expression of ROCK, an important regulatory enzyme in the pathway of gallbladder smooth muscle contraction regulation, and further explored its role in gallbladder smooth muscles contraction function and gallstone formation. The results showed that the FV and FB of guinea pigs were significantly increased after receiving a high-cholesterol diet for up to 60 days. The contents of TC and TG in bile were elevated with increasing time of receiving the high-cholesterol diet. One guinea pig was observed to have gallstones on day 30, and three animals had gallstones on day 60, while no gallstones were observed in the control group. This suggested that the increase of the cholesterol concentration in the gallbladder bile may have an important role in gallstone formation. Cholesterol may impair the contraction of the gallbladder smooth muscles, favoring gallstone formation. The same phenomenon was found in fasudil group, in which eight guinea pigs presented with gallstone formation.
Furthermore, ROCK expression in gallbladder smooth muscles was markedly reduced in the model group and the fasudil group. The reduction in ROCK levels may be one of the main reasons for the inhibition of the gallbladder contraction function in guinea pigs following cholesterol intake or fasudil treatment.
The primary mechanism by which ROCK regulates smooth muscle cell contraction is the phosphorylation and de-phosphor- . Certain agonists, including phenylephrine, acetylcholine, U-44619 and endothelin (3) (4) (5) , can combine with G protein-coupled receptors, inducing the contraction of smooth muscle cells through enhancing intracellular Ca 2+ levels and Ca 2+ sensitivity (23, 24) . The inhibition of MLCP may increase Ca 2+ sensitivity in smooth muscle cells and further increase the extent of MLC phosphorylation and smooth muscle tension at a constant Ca 2+ concentration, which in turn causes myofilament contraction. When ROCK expression is inhibited or reduced, MLC phosphorylation is decreased, whereas the MLCP activity is enhanced.
In the present study, the expression of ROCK was shown to be reduced alongside gallbladder stone formation following feeding on a high-cholesterol diet or treatment with fasudil. The underlying mechanism is likely to be the inhibitory effect of ROCK on MLCP. The decreased expression of ROCK enhanced the activation of MLCP, decreased the phosphorylation of MLC and weakened the contraction of gallbladder smooth muscle cells. All of the above mechanisms promote cholestasis and gallstone formation. The results of the present study indicated that ROCK expression has an important role in gallbladder contraction function and may be involved in gallstone formation.
In the fasudil treatment group, the expression of ROCK in gallbladder smooth muscles at the same time-point was decreased more markedly than that in the model group, while the rate of gallstone formation was identical in the two groups. This implied that fasudil is able to significantly inhibit ROCK expression in gallbladder smooth muscles and impair their contraction, therefore inhibiting their emptying function of the gallbladder and favoring gallstone formation as a result. High cholesterol diets as well as fasudil were able to significantly inhibit ROCK expression, leading to the promotion of gallstone formation. Therefore, enhancement of the expression of ROCK in gallbladder smooth muscles may be a novel strategy for the prevention and treatment for cholelithiasis.
